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Abstract
A analytic framework is devised, based on the prin-
ciple of maximum entropy (ME), for the performance
modelling of a wireless 4G cell with bursty multime-
dia trafﬁc with hand off under an efﬁcient MAC protocol
with a buffer threshold-based generalized partial shar-
ing (GPS) trafﬁc handling scheme. In this context, an open
queueing network model (QNM) is proposed consisting
of three interacting multiclass GE-type queueing and de-
lay systems, namely a GE/GE/c1/c1 loss system of IP voice
calls, a GE/GE/c2/N2/FCFS/CBS(Tl,T h) queueing sys-
tem of streaming media packets with low (Tl) and high
(Th) buffer thresholds and a GE/GE/1/N3/PS delay sys-
tem with a discriminatory PS transfer rule. Analytic ME so-
lutions for the state probabilities of these systems are
characterized, subject to appropriate GE-type queue-
ing and delay theoretic constraints and new closed form
expressions for the aggregate state and blocking probabil-
ities are determined. Typical numerical examples are in-
cluded to validate the ME performance metrics against
Java-based simulation results and also to study the ef-
fect of bursty multiple class trafﬁc upon the performance of
the cell.
Key words: Wireless 4G Cell, Internet protocol (IP),
medium access control (MAC) protocol, quality-of-service
(QoS), generalized partial sharing (GPS) scheme, ﬁrst-
come-ﬁrst-served (FCFS) rule, processor share (PS) rule,
complete buffer sharing (CBS) scheme, performance eval-
uation, queueing network model (QNM), generalized ex-
ponential (GE) distribution, maximum entropy (ME) prin-
ciple.
1. Introduction
Cost-effective algorithms for queueing and delay net-
work models under various trafﬁc handling schemes are
widely recognized as powerful and realistic tools for the
performance evaluation and prediction of complex mobile
networks with ever increasing volumes of multimedia traf-
ﬁc with different quality-of-service(QoS) guarantees.
Earlier performance models for 2G wireless networks
are based on the Global System for Mobile (GSM) telecom-
munications for the transmission of voice calls (e.g., [1])
and its extension based on the General Packet Radio Ser-
vice (GPRS) which allows data communication with higher
bit rates than those provided by a single GSM channel (e.g.,
[2-5]). Furthermore, the introduction of the wireless third
generation (3G) multi-service Universal Mobile Telecom-
munication Systems (UMTS) for multimedia trafﬁc ﬂows,
such as voice calls, streaming media and data packets, has
been of major interest for mobile network providers and
has received widespread attention in the literature (e.g., [6-
9]). More recently, fourth generation mobile systems have
beenproposed,broadlyasacollectionofdifferentradionet-
works, which have access to IP based services and where
roaming is envisaged to be seamless.
The general industrial trend to migrate the 4G network
towards an IP based solution is one of the most popular top-
ics. This allows for easy and cost effective service creation
through reuse of application software as well as straight for-
ward interpretability with existing Internet services. In ad-
dition IP is technology independent and can thus work on
any underlying access technology. As such it represents an
efﬁcient interface amogst the different radio networks. A
network that uses the Internet Protocol to combine differ-
ent radio access network is hereafter referred to as 4G net-
work.[16] Moreover, to support multimedia packet trafﬁc
ﬂows with better QoS, wireless 4G cell architectures have
been proposed basedonmedium access control (MAC) pro-
tocols composed on both time-division and code-division
statistical multiplexing (e.g., [10,11]). For multimedia com-
munications, the MAC protocol is expectd to accommodate
packets with different QoS requirements. Although these
views have been adopted by the mobile research commu-
nity, nevertheless mobility management and performance
modelling and prediction of 4G network architectures still
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Recent performance evaluation studies for wireless cells
are very often based on simulation modelling and the nu-
merical solution of Marcov models [e.g., 2-4,6-10]. Sim-
ulation modelling is an efﬁcient tool for studying detailed
system behaviour but it becomes costly, particularly as the
system size increases. Markov models on the other hand
provide greater ﬂexibility. However, associated numerical
solutions may suffer from several drawbacks, such as re-
strictive assumptions of Poisson arrival process and/or state
space explosion, limiting the analysis to small mobile sys-
tems. Note that an application of the information theoretic
principle of maximum entropy (ME) [12, 13] to the perfor-
mance analysis of a wireless GSM/GPRS cell with gener-
alised exponential(GE) bursty trafﬁc subject to partial shar-
ing (PS) scheme can be seen in [5].
In this paper, an extended ME analytic framework is de-
vised for the performance modelling and evaluation of a
4G cell with bursty multiple class ﬂows of IP voice calls,
streaming media packets and data packets in conjunction
with multimedia hand off trafﬁc classes subject to an ef-
ﬁcient MAC protocol with a buffer threshold-based gen-
eralised partial sharing (GPS) trafﬁc handling scheme. In
escence, the GPS scheme assigns priorities to multimedia
users, as appropriate, and utilizes buffer threshold based in-
formation for the efﬁcient transmission of packets in the
time slots of each transmissonn frame. In this way, channel
usage can be maximized for multiple access subject to QoS
constraints. A generic visualation of a multimedia wireless
4G cell under GPS with hand off can be seen in Fig. 1.
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Figure 1. A generic 4G cell with ordinary and
hand  of  f  tr  affic  classe  s  u  nd  er  GPS
In this context, an open queueing network model
(QNM) is proposed consisting of three interacting mul-
ticlass generalised exponential (GE)-type queueing and
delay systems with multiple servers and ﬁnite capaci-
ties, namely a GE/GE/c1/c1 loss system of IP voice calls,
aG E / G E / c2/N2/FCFS/CBS(Tl,T h) queue of stream-
ing media packets with low (Tl) and high (Th) buffer
thresholds, ﬁrst-come-ﬁrst-served (FCFS) scheduling dis-
cipline and complete buffer sharing (CBS) scheme and a
GE/GE/1 /N3/PS delay system with discriminatory proces-
sor sharing (PS) transfer rule. Analytic solutions are char-
acterised, subject to appropriate GE-type queueing and de-
lay theoretic mean value constraints and new closed form
expressions for the state and blocking probability distri-
butions are determined. Typical numerical experiments
are included to verify the credibility of the ME solu-
tions against simulation results at 95% conﬁdence intervals
and also investigate the effect of bursty multiple class traf-
ﬁc upon the performance of the cell.
Some preliminary remarks on the GE-type distribu-
tion and the ME formalism are included in Section 2.
The performance modelling and evaluation of a wire-
less 4G cell under GPS scheme with hand off is de-
s c r i b e di nS e c t i o n3 .A no v e r v i e wo ft h eM Ea n a l y s i so ft h e
GE/GE/c/N/FCFS/CBS(Tl,T h) and GE/GE/1/N/PS build-
ing block systems for the solution of the open QNM is
highlighted in Section 4. Typical experiments are de-
vised in Section 5. Concluding remarks follow in Section
6.
2. Preliminary remarks
2.1. GE-Type Distribution
The GE-type distribution is of the form [c.f., 5, 13]
F(t)=P(X ≤ t)=1− τe−τvt,τ=2 /(1 + C2),t≥ 0
(1)
where X is an interevent time random variable and ©
1/v,C2ª
are the mean and squared coefﬁcient of varia-
tion (SCV) of the interevent times, respectively.
The GE distribution has a counting compound Pois-
son process (CPP) with geometrically distributed batch
sizes with mean 1/τ. It may be meaningfully used to
model the interarrival times of bursty multiple class mo-
bile connections with different minimum capacity de-
mands. Note that an IP packet length distribution is
known to be non-exponential and should at least be de-
s c r i b e db yt h em e a n ,1/v,a n dS C V ,C2. This is because
IP packets are restricted by the underlying physical net-
work, such as Ethernet and ATM, and thus, they have dif-
ferent packet lengths, typically 1500 bytes and 53 bytes, re-
spectively.
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http://www.unik.no/personer/paalee/The GE distribution may also be employed to model
short range dependence (SRD) trafﬁc with small er-
ror. For example, an SRD process may be approximated
by an ordinary GE distribution whose ﬁrst two mo-
ments of the count distribution match the the corresponding
ﬁrst two SRD moments. This approximation of a corre-
lated arrival process by an uncorrelated GE trafﬁc process
may facilitate (under certain conditions) problem tractabil-
ity with a tolerable accuracy and, thus, the understanding
of the performance behaviour of external SRD traf-
ﬁc in the interior of the network. It can be further argued
that, for a given buffer size, the shape of the autocor-
relation curve, from a certain point onwards, does not
inﬂuence system behaviour (c.f., [4]). Thus, in the con-
text of system performance evaluation, an SRD model
may be used to approximate accurately long range depen-
dence (LRD) real trafﬁc.
2.2. Maximum Entropy (ME) Formalism
The principle of ME (c.f., Jaynes [12]) provides a
self-consistent method of inference for characterizing, un-
der general conditions, an unknown but true probabil-
ity distribution, subject to known (or, known to exist)
mean value constraints. The ME solution can be ex-
pressed in terms of a normalizing constant and a product
of Lagrangian coefﬁcients corresponding to the con-
straints. In an information theoretic context, the ME solu-
tion is associated with the maximum disorder of system
states and, thus, is considered to be the least biased dis-
tribution estimate of all solutions satisfying the system’s
constraints. Major discrepancies between the ME dis-
tribution and an experimentally observed (c.f., [12])
or stochastically derived (c.f., [13]) distribution indi-
cate that important physical or theoretical constraints have
been overlooked. Conversely, experimental or theoreti-
cal agreement with the ME solution represents evidence
that the constraints of the system have been properly iden-
tiﬁed.
In the ﬁeld of systems modelling, expected values perfor-
mance distributions, such as those relating to the marginal
and joint state probabilities (i.e., number of jobs at an in-
dividual queue or a network) may be known to exist and
thus, they can be used as constraints for the characteriza-
tion of the form of the ME solution. Alternatively, these
expectations may be often analytically established via clas-
sical queueing theory in terms of some moments of the
inter-arrival time and service time distributions. An ef-
ﬁcient analytic (exact or approximate) implementation
of the ME solution clearly requires the a priori estima-
tion of the Lagrangian coefﬁcients via exact or asymptotic
expressions involving basic system parameters and perfor-
mance metrics, as appropriate. Hence, the principle of ME
may be applied to characterize useful information theo-
retic approximations of performance distributions of queue-
ing/delay systems and related networks.
The ME solution for the joint state probability distri-
b u t i o no fa na r b i t r a r yo p e nn e t w o r kw i t hq u e u e i n ga n dd e -
lay stations, subject to marginal mean value constraints, can
be interpreted as a product-form approximation. Thus, en-
tropy maximization implies a decomposition of a com-
plex network into individual station each of which can
be analyzed separately with revised inter-arrival and ser-
vice times. Moreover, the marginal ME state probability
of a single station, in conjunction with suitable formu-
lae for the estimation of ﬂow moments in the network, can
play the role of a cost-effective analytic building block to-
wards the computation of the performance metrics of
the entire network. Further information on ME formal-
ism and queueing networks can be found in Kouvatsos
[13].
3. Performance Modelling of a 4G Cell under
G P SS c h e m ew i t hH a n dO f f
An open QNM of a wireless 4G cell under GPS scheme
c a nb es e e ni nF i g .2 .T h ec o m p o u n dP o i s s o np r o c e s sw i t h
geometrically distributed batch sizes (or, equivalently, GE-
type interarrival times) is used to represent arrival process
of multiple class bursty trafﬁc consisting of IP voice calls,
steaming media and data packets together with correspond-
ing hand off trafﬁc ﬂows, respectively, which are assumed
to be aggregated into single special classes, as appropriate.
Moreover, GE distributions are employed to describe the
IP voice trafﬁc durations as well as the channel transmis-
sion times of streaming media/data packets. In the context
of the proposed QNMs, only up link trafﬁc is considered.
Note that the proposed QNM is of robust nature enabling
the inclusion of some essential application functions envis-
aged to to be present in a 4G mobile network. More speciﬁ-
cally, it doesnot only support all IPbased multimedia trafﬁc
ﬂows but also incorporates GPS trafﬁc handling scheme to-
wards efﬁcient bandwidth management.
The open QNM can be clearly decomposed into three in-
teracting GE-type building block queueing and delay sys-
tem as follows: A number of bufferless channels may be al-
located to multiple classes of IP voice calls each of which
requiring the assignment of a single channel for its en-
tire duration. Clearly, the transmission resource for IP
voice calls can be modelled by a GE/GE/c1/c1 loss sys-
tem with c1 channels. Moreover, a multiple class stream-
ing media trafﬁc is packet based and each connection will
attempt to use the complete available bandwidth. The as-
sociated channels may, therefore, be seen as c2 ’servers’
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Figure 2. An open QNM of a wireless 4G cell
under GPS
of a GE/GE/c2/N2/FCFS/CBS(Tl, Th) queueing sys-
tem with a maximum capacity, N2, serving streaming me-
dia packets under a ﬁrst-come-ﬁrst-served (FCFS) and
a complete buffer sharing scheme (CBS) subject to low
and high buffer thresholds (Tl and Th). These thresh-
o l d sc a nb eu s e dt os t i p u l a t ee f ﬁcient channel sharing under
the GPS scheme of the MAC protocol. Finally, all ad-
mitted interactive/background data packet connections
will share the available bandwidth according to the prior-
ity for each data class. Physically, a wireless 4G cell should
be capable of allocating all available channels to one con-
nection (subject to some battery restrictions) [14]. Thus,
the transmission queue for these data packets can be mod-
e l l e db yaG E / G E / 1 / N3/PS delay system with a multiple
class of interactive and background data packets under dis-
criminatory PS rule and ﬁnite capacity N3.N o t et h a tN
may represent the maximum number of connections shar-
ing simultaneously the available data bandwidth according
to assigned priorities.
Given the open QNM displayed in Fig. 2, the GPS trafﬁc
handling scheme can be described as follows: At any given
time, free IP voice calls and a ﬁx e dn u m b e ro fc o m m o n
channels of the streaming media packets belonging to the
GE/GE/c1/c1 and GE/GE/c2/N2/FCFS/CBS(Tl, Th)s y s -
tems, respectively, may be released toincrease the transmis-
sion capacity of the GE/GE/1/N3/PS delay system. How-
ever, new arrivals of IP voice calls, which have higher pri-
ority, will cause the immediate release of some or all ac-
quired IP voice channels, as appropriate, of the loss system.
Moreover, when the streaming media packet ﬂow reaches
threshold high, Th, all the released streaming media chan-
nels to the partition of the data packets are returned back to
the queueing system. When the number of streaming media
packets reach threshold low, Tl,t h eﬁxed number of com-
mon channels will be released to support the partition of the
data packets. Subsequently, the transmission capacities of
both partitions for data packets and streaming media pack-
ets are progressively reduced or increased, as appropriate.
4. ME Analysis of GE/GE/c/N/FCFS/CBS
(Tl,Th) and GE/GE/1/N/PS systems
This section presents an overview of the ME analysis
of the GE/GE/c/N/FCFS/CBS(Tl,Th) and GE/GE/1/N/PS.
Note that the multiple class GE/GE/c/c loss system is a spe-
cial case of the GE/GE/c/N/FCFS/CBS(Tl,Th) with c = N.
Notation For each class i(i =1 ,2,...,R,R > 1) let
{1/λi,C2
ai}, {1/µi, C2
si} be the mean and squared coefﬁ-
cient of variation (SCV ) of the interarrival and service time
distributions, respectively. Note that µi (i =1 ,2,...,R)
under PS rule are deﬁned subject to discrimination weights.
Let c be a generic number of servers for either queueing or
delay systems. Moreover, let
ni be the number of entities of class i(i =1 ,2,...,R);
n = (n1,n 2,...,n R) be a joint system state (n.b., 0 =
(0,...,0));
Ω be the set of all feasible joint states {n};
P(n) , n ∈ Ω, be the joint state probability;
πi be the blocking probability that an arrival of class i will
ﬁnd the system at the full capacity.
4.1. ME Solutions of GE/GE/c/N/FCFS/CBS
(Tl,Th) and GE/GE/1/N/PS systems
The form of the ME joint state probabilities
{P(n), ∀n ∈ Ω} of the GE/GE/c/N/FCFS/CBS(Tl,Th)
and GE/GE/1/N/PS building block queueing and de-
lay systems, where ni is the number of class i enti-
ties representing IP voice calls or data packets in ei-
ther systems, as appropriate, can be determined, sub-
ject to appropriate marginal (class) mean value con-
straints. These constraints are based on the class utilisations
{Ui,i =1 ,2,...,R} for GE/GE/1/N/PS (T) delay sys-
tem and {Uik =1 −
Pk−1
n=1 Pi(n),i =1 ,2,...,R;
k =1 ,2,...,c} for GE/GE/c/N/FCFS/CBS(Tl,T h) queue-
ing system, and for each system, mean number of enti-
ties per class {Li,i =1 ,2,...,R} and the full buffer
state probabilities {φi,i=1 ,2,...,R} for GE/GE/1/N/PS
(T) and {φik,i =1 ,2,...,R; k =1 ,2,...,c} for
GE/GE/c/N/FCFS/CBS(Tl,T h) queueing system, with a
class i entity in service satisfying the ﬂow balance equa-
tions(c.f., [3])
λi(1 − πi)=µiUi,i=1 ,...,R, (2)
NGI 2005 415 0-7803-8900-X/05/$20.00 © 2005 IEEEwhere Ui is the marginal utilization of class i, i =
1,2,...,R. By employing Lagrange’s method of undeter-
mined multipliers, the ME steady state joint probability
P(n) can be expressed by
P(n)=
½ 1
ZΓ1Γ2Γ3Γ4, GE/GE/c/N/FCFS/CBS(Tl,Th);
1
ZΘ1Θ2Θ3, GE/GE/1/N/PS (T);
(3)
with

  
  
Γ1 =
QR−1
l=0
¡
n−nl
nl+1
¢
Rn−c ,
Θ1 =
QR
l=1
µ
n − nl
nl+1
¶
Rn−1 ,
(4)

      
      
Γ2 =
PR
i=1
½
PE(n)
ki=1
QR−1
l=1
¡
E(n)
ki
¢¡
n−E(n)
ni−ki
¢
QR−1
l=0
¡
n−nl
nl+1
¢
¾
,
Θ2 =
PR
i=1
µ
n − ni − 1
ni+1 − 1
¶
QR
l=1
µ
n − nl
nl+1
¶giyix
ni−1
i ,
(5)
(
Γ3 =
QR
i=1
³Qki
k=1 g
hik(n)
ik y
fik(n)
ik
´
,
Θ3 =
QR
j=1,j6=i x
nj
j .
(6)
Γ4 =
R−1 Y
n=0
x
ni−ki
i x
nR−E(n)+
PR
i=1 ki
R , (7)
where Z =1 /P(0), {hik(n),f i(n),f ik(n)n ∈ Ω}
are suitable auxiliary functions and {xi,g ik,y ik,∀i,n} are
Lagrangian coefﬁcients for GE/GE/c/N/FCFS/CBS(Th,T l)
queueing system and {gi,x i,y i,i=1 ,2,...,R} are the
Lagrangian coefﬁcients for GE/GE/1/N/PS delay system
corresponding to the aforementioned constraints, (Uik or
Ui, Li, φik or φi, i=1,2,...,R). These Lagrangian coefﬁ-
cients can be determined by making asymptotic connec-
tions to the corresponding inﬁnite capacity system and us-
ing ﬂow balance equations (1) [3]. Moreover, n =
PR
i=1 ni
and E(n) is auxiliary function given by
E(n)=

        
        
n, n ≤ c1
c1,n ≤ Tl ·
(n−[
c2−c1
2 ])c1+(n+[
c2−c1
2 ])c2
2n
¸
,
Tl <n<T h
c2.n ≥ Th
for GE/GE/c/N/FCFS/CBS(Tl,T h)
(8)
The aggregate probability P(n) can be obtained by un-
conditioning the joint probability P(n) over all classes and
is determined by:
P(n)=

    
    
1
Z
P
n⊆An
QR
i=1
nQE(n)
k=1 g
hik(n)
ik y
fik(n)
ik
o
Xn−1,
GE/GE/c/N/FCFS/CBS(Tl,Th);
1
Z
³PG(n)
i=1 gixiy
fi(n)
i
´
Xn−1,
GE/GE/1/N/PS(T).
(9)
whereZ =1 /P(0),X =
PR
i=1 xi,A n = {n : n =
PR
i=1 ni,0 ≤ ni ≤ N}. Subsequently, focusing on a
tagged either streaming media packet or data packet, as ap-
propriate, within an arriving bulk and applying GE-type
probabilistic arguments, the blocking probability per class
πi,(i =1 ,2,...,R) can be approximated by
πi =

  
  
PN
n=0 δi(n)(1 − σi)N−nP(n),
GE/GE/1/N/PS(T); PR
j=1
PN
n=0 δL
i (0)(1 − σi)N−nP(n),
GE/GE/c/N/FCFS/CBS(Th,T l),
(10)
where δi(0) = ri
ri(1−σi)+σi, δi(n)=1( ∀n>0),a n d
L =



c if n =0 ,
max(0,c− n) if 0 <n<c
0 if c ≤ n ≤ N.
4.2. Weighted Performance Measures under PSS
All performance metrics of interest for the QNM of
Fig. 2 can be determined by making use of weighted
averages taking probabilistically into account the dy-
namic increase/decrease of the transmission capacity
of IP voice calls and streaming media packets, respec-
tively. More speciﬁcally, data packets will receive un-
der GPS variable transmission capacity depending on
the availability of free IP voice call and streaming me-
dia channels. To this end, an average performance statis-
tic for data packets (DP) of discriminatory (under PS) class
i, say Si
DP,o ft h eG E / G E / 1 / N3/PS delay system can be de-
ﬁned by the weighted average measure:
Si
DP =
c1 X
l1=0
c2 X
l2=0
Ξ1Ξ2,i=1 ,2,...,R (11)
where Ξ1 = S
l1,l2,i
DP PVC(n1 = l1) and
Ξ2 = PSM(n2 = l2) with PSM(.) being the aggre-
gate streaming media (SM) packets steady state probability
of the GE/GE/c2/N2/FCFS/CBS(Th,T l) queueing sys-
tem and {S
l1,l2,i
DP , l1 =0 ,1,2,...,c 1,l 2 =0 ,1,2,...,c 2}
are estimated values of statistic Si
DP corresponding at
each stage to the maximum available mean data pack-
ets transfer rates. These rates under the GPS scheme are
given by {µi
DP +( c1 − l1)µVC +( c2 − l2)µSM,l 1 =
0,1,2,...,c 1,l 2 =0 ,1,2,...,c 2} with {µVC,µi
SM,
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DP} being the initially allocated aggregate class i trans-
fer rates to the IP voice calls (VC) GE/GE/c1/c1 loss sys-
tem, the streaming media GE/GE/c2/N2/FCFS/CBS(Tl,T h)
queueing system and the data packets GE/GE/1/N3/PS de-
lay system, respectively.
Futher details on the mathematical proofs associated
with key analytic GE-type results can be seen in [15].
5. Numerical Results
This section presents typical numerical experiments us-
ing the proposed open QNM of Fig. 2 in order to evalu-
ate the credibility of the performance approximations of
the ME methodology against simulation results produced
in Java programming language at 95 % conﬁdence inter-
vals. To this end, both analytic and simulation experiments
on the QNM are based on the same underlying assump-
tions and parameterizations. Moreover, the section demon-
strates the applicabilityof MEsolutions, assimple and cost-
effective performance evaluation tools, for assessing the ef-
fect of bursty multimedia trafﬁcs upon the performance of
the proposed wireless 4G cell.
Numerical results are presented in Figs. 3-10 involving
two classes of IP voice calls and a hand off class, three
classes of streaming media with 300KBytes , 62.5KBytes
corresponding to a hand off class on streaming media and
three classes of data packets having different mean sizes
given by 12.5KBytes (class 1, e.g., voice mail), 62.5KBytes
(class 2, e.g., web browsing) and a hand off class. In this
context, ﬁxed arrival rate and SCV relating service rate
and SCV can be assumed some virtual parameters such
like 1.0/0.6 for arrival rate and 3.0 for service rate on IP
voice callsexperiments. It isassumedthat the IPvoice calls,
streaming media and data packets partitions consist of one
frequency providing total capacity of 171.2 Kbps. The fol-
lowing ﬁxed input data are used: {λ11 =1 .0, λ12 =0 .6,
µ11 = µ12 =3 .0,c1 =2 ,Ca2
12 =5 ,Cs2
11 =5 ,Cs2
12 =5 }
for IP voice call, {λ21 =2 .0, λ22 =1 .2, λhandoff =0 .6,
µ21 = µ22 = µhandoff =6 .0, Ca2
21 = Cs2
21 =5 , Cs2
22 =
5, Cahandoff = Cshandoff =2c2 =2 , N2 =1 0 }
for streaming media packets and {λ31 =1 .0, λ32 =0 .5,
λhandoff =0 .2, µ3 =9 .0, PS service discrimination
weight =1 /3,(µ31 =1 /3µ3,µ 32 =1 /3µ3),µ handoff =
1/3µ3, Ca2
31 =5 , Ca2
32 =2 , Ca2
handoff =2 , Cs2
31 =5 ,
Cs2
32 =5 , Cs2
handoff =5 , N3 =2 0 } for data packets.
Without lossof generality, thecomparative study focuseson
marginal performance metrics of mean number of stream-
ing media and data packets per class as well as the aggre-
gate blocking probabilities of voice calls, streaming media
packets and data packets, respectively. Note that the numer-
ical tests make use of varying trafﬁc values of the interar-
rival times SCVs, Ca2
11 and Ca2
22.
It can be seen that the ME analytic results are very
comparable to those obtained via simulation whilst the in-
terarrival time SCV has an adverse effect on the perfor-
mance metrics of the service classes (c.f., Figs. 3-10). More
speciﬁcally, it can be observed in Figs. [9,10] that the
analytically established mean number of streaming media
and data packets deteriorate rapidly with increasing exter-
nal interarrival-time SCVs (or, equivalently, average batch
sizes) beyond a speciﬁc critical value of the buffer size
which corresponds to the same mean number of data pack-
ets for two different SCV values. It is interesting to note,
however, that for smaller buffer sizes in relation to the criti-
cal buffer size and increasing mean batch sizes, the mean
number of data packets steadily improves with increas-
ing values of the corresponding SCVs. This ‘buffer size
anomaly’ can be attributed to the fact that, for a given ar-
rival rate, the mean batch size of arriving bulks becomes
larger as the SCV of the interarrival time increases, result-
ing in a greater proportion of arrivals being blocked (lost)
and, thus, a lower mean effective arrival rate; this inﬂuence
has much greater impact on smaller buffer sizes.
Note that additional numerical experiments can be seen
in [15].
6. Conclusions
This paper focuses on the performance modelling and
evaluation of a wireless 4G cell architecture subject to GPS
trafﬁc handling scheme with hand off, as a cost-effective re-
source sharing MAC protocol, in support of multiple voice
calls, streaming media and data packet service classes. An
open QNM is proposed and analysed using the principle of
ME, subject to GE-type queueing and delay theoretic con-
straints, as well as simulation programmes developed in
Java. New analytic ME solutions for the joint state prob-
abilities of these systems are characterized, subject to ap-
propriate GE-type queueing and delay theoretic constraints.
Moreover, closed form expressions for the aggregate state
and blocking (per class) probabilities are determined and
play the role of simple and robust analytic building block
tools for the performance modelling and prediction of the
proposed 4G wireless cell. Typical numerical tests validate
the credibility of the ME solutions against simulation at
95% conﬁdence intervals and also verify the adverse effect
of trafﬁc variability upon the enhanced 4G network perfor-
mance.
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queueing system under PSS (Experiment 11-
Input Data: {λ21 =2 .0, λ22 =1 .2, λ23 =0 .6,
µ21 = µ22 = µ23 =6 .0, Ca2
21 = Cs2
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